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The injection of spin currents in semiconductors is one of the big challenges of spintronics. Mo-
tivated by the ultrafast demagnetisation and spin injection into metals, we propose an alternative
femtosecond route based on the laser excitation of superdiffusive spin currents in a ferromagnet such
as Ni. Our calculations show that even though only a fraction of the current crosses the Ni-Si inter-
face, the laser-induced creation of strong transient electrical fields at a ferromagnet-semiconductor
interface allows for the injection of chargeless spin currents with a record spin polarisations of 80%.
Beyond that they are pulsed on the time scale of 100 femtoseconds which opens the door for new
experiments and ultrafast spintronics.
Using the spin rather than the electron’s charge for
electronics is not only a fascinating concept but thanks to
Noble prize-winning giant magnetoresistance [1] already
a billion dollar industry. Alongside these metallic spin-
tronics for information storage, basic research is presently
laying the foundations of semiconductor spintronics for
logic devices [2] as well as optical [3], thermoelectric [4, 5].
Spin currents in semiconductors have a relative long life-
time [6] and could provide ways to avoid Joule heating [7].
Hence they prospectively allow for information process-
ing at a high-bandwidth and low energy consumption [8].
But even the first step for such semiconductor spintron-
ics, the spin injection into a semiconductor, preferably
silicon [9–11], remains a challenge.
The straight-forward idea of spin-polarising a current
through a ferromagnet-silicon interface failed by-and-
large; it yields a spin polarisation of 0.1% only [12]. More
promising are the injection of hot electrons at high ener-
gies [9, 13] and in particular engineering the ferromagnet-
silicon contact by an additional insulating [14–16] or
Schottky barrier [10]. Despite these successes there is
plenty of room for improvements. Also the fundamental
science point of view calls for a better understanding and
alternative ways of injecting spin currents.
In a parallel development, the ultrafast spin transport
in metals has been demonstrated recently and opened an
entirely new research field [17–36] whose dawn has been
the discovery of ultrafast demagnetisation in Ni [37]. For
instance it was shown how a fs-laser pulse on a ferromag-
netic layer could inject a spin current into a non-parallel
aligned Co-Pt multilayer [17], into non-magnetic Au [19],
or into Fe [23]. The theoretical study led to the proposal
of superdiffusive spin transport [18, 20, 29] as one micro-
scopic mechanism for the ultrafast demagnetisation. A
number of experiments confirmed the importance of the
superdiffusive spin transport [21–26, 33, 35] as at least
one of the main drivers for the ultrafast demagnetisation.
In particular its power to predict an ultrafast increase of
magnetisation [23] and the aforementioned build up of
a magnetisation in a non-ferromagnetic material [19] es-
tablished that superdiffusive spin transport is actually at
work. While transporting spin information, the superdif-
a)
b)
FIG. 1. Sketch of spin injection from ferromagnetic Ni into
a semiconductor such as Si. a) Initial situation. The laser
pulse excites spin-up (red) and -down (blue) electrons (solid
spheres) and holes (dashed spheres); only the high energy
particles are not blocked by the Si bandgap (illustrated by
two spin-up and one spin-down electrons). b) Almost instan-
taneously the charge transfer into Si shifts the potential up-
wards until the net charge flow of electrons and holes cancels.
Due to their longer relaxation time there are more high en-
ergy spin-up electrons so that there is nonetheless a net spin
current (indicated by two spin-up electrons and a spin-down
hole vs one spin-down hole entering the semiconductor).
fusive spin injection into a metal is not a good starting
point for spintronic logic devices. The spin diffusion time
and length scales in metals are just too short. Semi-
conductor devices are needed instead since spin currents
survive here on much longer time scales [6].
In this paper, the theory of superdiffusive spin
transport, which successfully predicted the spin injec-
tion into metals, is hence extended to a ferromagnet-
semiconductor interface.
General idea. Let us, before turning to the calcula-
tional details, summarise our main findings by hand of
Fig. 1. The panel a) shows the starting point, a laser
pump pulse is creating a population of excited electrons
and holes in Ni. These charge carriers diffuse through
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2the Ni layer. Of those reaching the Ni-Si interface many
are reflected as indicated in Fig. 1 because their energy
lies within the Si bandgap (shaded region in Fig. 1). The
electron-hole asymmetry leads to a large current inflow
into Si. This current is colossal compared to typical cur-
rents in Si. Hence it charges the Ni-Si interface. The
charge in turn leads to a potential step shifting the Si
bandstructure up relative to the Ni one, as envisaged in
Fig. 1b). The potential up-shift only stops when no fur-
ther net charge is transferred into Si: as many electrons
as holes enter the Si side. This process is happening al-
most instantaneously because of the tremendous current
on the Si surface.
Since Ni is ferromagnetic there is an asymmetry be-
tween majority- and minority-spin, denoted as spin-up
and -down in the following. Here, the different veloc-
ities for spin-up and -down carriers in Ni enter. Even
more important is however the different relaxation times.
Scattering lifetimes of excited spin-up electrons in Ni are
generally much longer than the spin-down electron life-
times and both, spin-up and -down, hole lifetimes [38].
Hence, there are much more high-energy spin-up elec-
trons reaching the Ni-Si interface than spin-down elec-
trons as schematically displayed in Fig. 1.
After the bandgap shifted up to the point where as
many electrons as holes pass into Si, on the electron side
only the (still unrelaxed) high-energy spin-up electrons
are injected as indicated in Fig. 1b). The spin-down elec-
tron injection is almost negligible. On the hole side there
is a smaller spin asymmetry so that a similar number of
spin-up and -down holes is injected. This way we have
no net charge current into Si, but a sizeable (and pulsed)
spin current of 1028µB/(cm
2s) for an absorbed laser flu-
ence of the order of mJ/cm2. This is gigantic in terms
of typical charge currents of Si, which should not be sur-
prising since the excitation from a fs laser is a very strong
perturbation of the equilibrium and the spin current is
present for only a few hundreds of femtoseconds.
The spin current injected in the Si layer is about
two orders of magnitude smaller than the spin current
that would be injected in a metallic substrate in a sim-
ilar configuration [18, 20, 29]. Nonetheless we can es-
timate (see more below) that this corresponds to an
enormous injection of magnetisation in Si of around
10−2÷10−3µB/atom, which is much larger than a typical
concentration of carriers in even heavily doped semicon-
ductors, 10−5atom−1. Notice that the ultrafast injec-
tion of spin in Si from a metal overcomes the problem
of conductance mismatch [12] as we are in a completely
different regime of transport with highly excited charge
carriers. We are now ready to elucidate the two different
approximations of the Boltzmann equation used for the
metal and the semiconductor, and the strategy for the
solution of the coupled problem.
Method, metal. In the ferromagnetic metal, the fem-
tosecond optical excitation induces highly excited carri-
ers whose superdiffusion leads to a spin current due to
the asymmetry between the two spin channels. Simi-
larly a charge current is created due to the electron-hole
asymmetry. This leads to the build-up of an electric field
which, in turn, acts on all the electrons in the metals.
For convenience we split the carriers into two groups:
the highly excited electrons (i.e. the ones undergoing su-
perdiffusion) and the carriers around the Fermi level (we
will refer to them as Fermi carriers). The ample Fermi
carriers dynamically reduce (screen) the electric field.
For our purposes we can assume, as in Refs. [18],[20],
and [29], an instantaneous and full compensation of the
electric field, which corresponds to an infinite conductiv-
ity of the metal at high frequencies. In this limit the
time (t) evolution of the carrier distribution n(z, t, E, σ)
(which also depends on position z, energy E and spin σ)
satisfies the superdiffusive spin transport equation:
∂n
∂t
= −n
τ
+
(
− ∂
∂z
φˆ+ Iˆ
)(
Sˆn+ Sext
)
. (1)
The first term on the right hand side describes scattering
with lifetimes τ(E, σ). The second term describes the
diffusion given by the superdiffusive flux kernel φˆ and the
identity operator Iˆ, which act on the laser excited carrier
imbalance Sext(z, t, E, σ) and on the carrier distribution
n through the scattering operator Sˆ. For more details see
Supplemental Material [39] and Refs. [18],[20], and [29]
Method, semiconductor. The situation is dramatically
different in a semiconductor. For typical carrier injec-
tions from the metal the number of excited carriers is
(as we will see) much larger than the number of Fermi
carriers which can be safely neglected. The superdiffus-
ing carriers will consequently be affected by the bare and
non-negligible electrical field.
We are mainly concerned with what happens when
a superdiffusive carrier crosses the interface. In the
case of metal-metal interfaces the excited carriers will
go through the interface as if it were not present (we ne-
glect scatterings at the interface and band mismatch, see
Refs. [18],[20], and [29]). When instead an excited carrier
reaches the interface to a semiconductor, two scenarios
can be distinguished: a) If its energy falls within the
bandgap, the carrier will be reflected. b) If instead the
electron (hole) has an energy above (below) the bandgap
of the semiconductor, it will enter the semiconductor con-
duction (valence) band and continue diffusing according
to the transport properties in the semiconductor. Notice
that the bandgap acts in the same way on both spin chan-
nels, but its position leads to an asymmetric reflection of
electrons and holes.
When a carrier manages to cross a metal-
semiconductor (M-S) interface, a finite electric charge
is removed from the metal and injected into the semi-
conductor. In the metal, the associated electric field is
immediately screened; the charge hence accumulates at
the interface. In the semiconductor instead the charge
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FIG. 2. Simulation of abruptly switched-on intense net
charge injection into a Si layer. a) Position and time resolved
amplitude of the electric field. b) Spatial dependence of the
electric potential at different times for an electron flux density
of 1029 eV−1s−1cm−2 with electrons (holes) excited up to 1eV
(0.5eV). The total hole injection is one order of magnitude
smaller than for electrons, see Fig. 3. c) Spatial dependence
of the electric potential in the steady state (approximated as
the latest simulation time, black line) compared to two further
electron fluxes.
can spread in space, which in turn will induce a sizeable
electric field. This will strongly affect the transport of
superdiffusive electrons in Si.
The coupled solution of the two different types of dif-
fusion in the two parts of the M-S sample is extremely
challenging. But a much smarter approach can be fol-
lowed. We calculate the effect of a strongly asymmetric
injection of excited electrons and holes in silicon that is
abruptly switched on at time zero. This allows for an es-
timation of what type of steady state response is reached
and of the transient time. In case of short transient time
compared to typical dynamics under study, we will be in
the position of neglecting the full dynamics of the silicon
layer and treating it only as its steady state response.
We therefore simulate the injection of an electron flux
ten times as high as for holes (compatible with the re-
sults we will obtain below in Fig. 3). To this end we
employ the Boltzmann equation without scattering but
with the electrical field satisfying the Poisson equation,
see Supplemental Material [39]. From Fig. 2a) we notice
that, at early times, the abundance of injected negative
charge charges the Si and causes the appearance of a pos-
itive electric field, which acts towards the reduction of the
incoming electron flux. A charge shockwave is generated
by the abrupt switching on. However the potential pro-
file tends towards the steady state shape already within
a few fs and the remaining oscillations decay fast and
are hard to distinguish in Fig. 2b) already after 10fs. In-
coming electrons are decelerated by the electric field to
negative k’s and transported back into the metal outside
of the Si; holes are accelerated instead.
This behaviour depends on the absolute amount of in-
flux in Si. In Fig. 2c) we show calculations for different
orders of magnitude of electron flux (the most relevant
parameter determining the timescale and the spatial pro-
file). The smaller the flux the slower is the approach
to the steady state and the wider the charged region
(cf. Fig. 1 in Supplemental Material [39]). For typical
electron fluxes obtained by calculations of superdiffusion
in the Ni layer metal (of the order of 1029 eV−1s−1cm−2)
we obtain a transient of a few fs and a charged region of
around 1nm.
We can therefore safely neglect the transient and sup-
pose that at every instant the Si generates the steady
state potential profile instantaneously. An electron enter-
ing from the metal will overcome the electric field only if
its energy is above the conduction band minimum which
is shifted by the electric potential inside the Si. If not,
the electron will travel less than 1nm, invert its direction
and be re-injected into the metal after a time of the order
of 1fs. If we neglect the tiny delay, the motion of the elec-
tron is identical to a reflection by the bandgap shifted up
by the electric potential deep inside the Si. If the charge
region is narrow enough the situation is essentially the
same for holes, for more details see Supplemental Mate-
rial [39].
A final approximation is based on the fact that life-
times in the semiconductor are orders of magnitude
longer than those in the metal. Since the electrical po-
tential is also nearly flat inside the semiconductor, we
can assume that carriers overcoming the electric field
within the first few nm in the semiconductor do not re-
turn to the metal. Altogether these considerations allow
us to describe the M-S interface by superdiffusion in the
metal supplemented by time- and energy-dependent re-
flection coefficients that correspond to the position of the
bandgap in the semiconductor. We are left with the prob-
lem of computing the bandgap position. This is however
not needed, since we can use the condition for the steady
state that no further charge is injected into the semicon-
ductor, i.e. the net electron flux (injected minus reflected)
equals the hole flux.
Algorithm. This way the calculation of carrier su-
perdiffusion from time t to time t + dt can be logically
split into the following three steps (more in the Supple-
mental Material [39]):
(1) compute the evolution from t to t + dt of the su-
perdiffusion in the metallic layer and, in particular, ob-
tain the fluxes Φ(zI , t, E, σ) at the M-S interface (z = zI);
(2) find the electrical potential V0(t) (or equivalently
the bandgap position) in the semiconductor that corre-
sponds to zero charge injection
∑
σ
( Ev(t)∫
−∞
dE Φ(zI , t, E, σ)−
+∞∫
Ec(t)
dE Φ(zI , t, E, σ)
)
= 0, (2)
where Ev(t) = Ev(0) + V0(t) (Ec(t) = Ev(t) +Eg) is the
4top (bottom) of the valence (conduction) band; and Eg
the bandgap;
(3) translate it into energy-dependent reflection coeffi-
cients of the M-S interface that are required to compute
the superdiffusion in the next timestep (reflection coef-
ficient equal to 1 for energies within the bandgap and 0
outside).
A new and more sophisticated numerical approach had
to be developed beyond the superdiffusive transport of
Ref. [18],[20], and [29], which only included time inde-
pendent reflection coefficients.
It is important to notice that while the charge flux in
Eq. (2) vanishes, the magnetisation flux
ΦM (t)=
∑
σ
σ
( Ev(t)∫
−∞
dE Φ(zI,t,E,σ)−
+∞∫
Ec(t)
dE Φ(zI,t,E,σ)
)
(3)
can and actually is finite.
Results. Let us now turn to the results of the superdif-
fusion calculations in the metal. We consider a layer of
Ni with thickness varying from 10nm to 60nm deposited
on Si. The transport properties of excited carriers in Ni
are extracted from ab initio calculations [38] (see Sup-
plemental Material [39]). The only relevant parameter
required to describe Si is its bandgap, Eg = 1.1eV.
In Fig. 3 we report the computed flux through the
M-S interface at different energies and times for the
Ni[10nm]-Si configuration in the case of a 1eV laser with
2.93mJ/cm2 fluence. At early times the bottom of the
conduction band is very close to the maximum electronic
excitation energy. This is due to the fact that the elec-
trons diffuse faster and reach the interface in bigger num-
bers compared to holes. The bandgap therefore has to
move very close to the maximum electron excitation en-
ergy to prevent the influx of charge. As time passes elec-
trons scatter and lower their energy, in particular high-
energy states that have shorter lifetimes than low-energy
states. The bandgap therefore moves towards lower en-
ergies. Note that after about 115fs there is essentially
no flux of spin-minority electrons into Si: due to their
shorter lifetime of 2-3 fs (see Supplemental Material [39])
there are no high-energy spin-minority electrons in Ni
soon after the end of the laser pulse at about 100 fs. The
majority lifetime is much longer (>10 fs). This lifetime-
imbalance is essential for the spin injection.
Fig. 4 (left) shows the net spin flux ΦM through the
interface as a function of time. The total flux ΦTOT is
around 1.5 times bigger, which implies a spin polarisation
of the current of 79%. At the beginning the low number
of holes reaching the interface acts as a bottleneck to
the spin injection. When the holes grow in number due
to impact ionisation (cf. Fig. 3) their flux can compen-
sate more easily the electron flux which is predominantly
majority-spin. Consequently the spin flux increases dra-
matically for the 10nm film until t ∼ 180 fs. At this
Φ Spin maj. Φ Spin min.
μ�
�� � ���
Φ [ ]
FIG. 3. Energy and time dependent particle flux through the
interface for a Ni[10nm]/Si sample resolved for spin majority
(left) and minority (right) carriers. The green lines represent
the dynamical position of the top of the valence and bottom of
the conduction band. In the black energy range electrons and
holes cannot be injected in the semiconductor. The orange
line represents the temporal profile of the pumping laser with
a total fluence of 2.93mJ/cm2.
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FIG. 4. Left: Magnetisation flux ΦM and total flux ΦTOT
vs. time for the Ni[10nm]-Si sample and a total laser fluence of
2.93mJ/cm2. Again the orange line represents the temporal
profile of the pumping laser. Right: Maxima of magnetisation
and total fluxes vs. thickness of the Ni film. Thin films are
much more suitable for the spin injection.
point both, electrons and holes, have lost too much en-
ergy. They cannot overcome the bandgap except for the
small high energy tails of the population, which progres-
sively become more and more negligible. The spinflux
essentially vanishes at t = 300 fs, or 200 fs after the end
of the laser excitation.
An important observation is that increasing the Ni
thickness dramatically reduces the efficiency of the in-
jection (Fig. 4 right). This is because, during the diffu-
sion towards the M-S interface, the carriers loose some of
their energy. Hence, the number of carriers that is able to
overcome the bandgap when reaching the M-S interface
is strongly reduced for thicker films.
The real striking feature of this kind of injection is
the order of magnitude. We obtain that for typical
laser fluences used in ultrafast demagnetisation exper-
iments, the magnetic moment injected into the semi-
conductor is of the order of 10−2µB/atom. This as-
sumes the spin current to be 1028µB/(cm
2s) and active
for 100fs. At the same time the carriers will travel ap-
proximately in a ballistic way inside the semiconductor
at a velocity of the order of 0.5nm/fs and will spread
over a length of 0.5nm/fs · 100fs = 50nm. The total
spin momentum density injected is hence of the order of
1028µB/(cm
2s) · 100fs/50nm ≈ 1020µB/cm3. Silicon has
approximately 5 · 1022atoms/cm3, leading to a spin ac-
5cumulation of around 10−2µB/atom in Fig. 4 (right) –
which is gigantic for Si.
In conclusion, we have shown how by means of ultra-
fast optical excitation we can inject a quantity of spin
into a semiconductor which is many orders of magnitudes
higher than what can be achieved by electrical spin in-
jection. This is because the amount of injected spin is
not constrained by the number of charge carriers in the
semiconductor but by the amount of excited electrons in
the ferromagnetic metal and the spin dependence of its
transport properties.
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